The spectroscopic parameters and decay channels of the doubly charged scalar, pseudoscalar and axial-vector charm-strange tetraquarks Z cs = [sd] [uc] are explored within framework of the QCD sum rule. The masses and current couplings of these diquark-antidiquark states are calculated by means of two-point correlation functions and taking into account the vacuum condensates up to eight dimensions. To compute the strong couplings of Zcs states with D, Ds, D * , D * s , Ds1(2460), D * s0 (2317), π and K mesons we use QCD light-cone sum rules and evaluate width of their S-and P -wave decays to a pair of negatively charged conventional mesons: For the scalar state Zcs → Dsπ, DK, Ds1(2460)π, for the pseudoscalar state
I. INTRODUCTION
During last decade tetraquarks, i.e. bound states of four quarks are in the center of intensive experimental and theoretical investigations. Starting from discovery of the famous resonance X(3872) in B meson decay B → KX → KJ/ψρ → KJ/ψπ + π − by Belle [1] , and after observation of the same state by other groups [2] [3] [4] experimental collaborations collected valuable information on the spectroscopic parameters and decay channels of the exotic states. They were discovered in various inclusive and exclusive hadronic processes. In this connection it is worth to note B meson decays, e + e − and pp annihilations and pp collisions. Theoretical studies of exotic hadrons, apart from tetraquark states, include pentaquarks and hybrid mesons and encompass variety of models and calculational methods claiming to explain the internal structure of these states and calculate their experimentally measured parameters. Comprehensive information on collected experimental data and detailed analysis of theoretical achievements and existing problems can be found in latest review works Refs. [5] [6] [7] [8] [9] .
The great success in physics of the exotic hadrons is connected with discovery of charged multiquark resonances. The first charged tetraquarks, namely Z ± (4430) states were observed by the Belle Collaboration in B meson decays B → Kψ ′ π ± as resonances in the ψ ′ π ± invariant mass distributions [10] . The resonances Z + (4430) and Z − (4430) were detected and studied by Belle in the processes B → Kψ ′ π + [11] and B 0 → K + ψ ′ π − [12] , as well. These states constitute an important subclass of multiquark systems, because charged resonances can not be explained as excited charmonium or bottomonium states, and therefore, are real candidates to genuine tetraquarks.
Hadrons built of four quarks of different flavors form another intriguing class in the tetraquark family. Depending on a quark content these states may be neutral or charged particles. Among the observed tetraquarks the X(5568) resonance remains a unique candidate to a hadron composed of four different quarks. At the same time it is a particle containing b-quark, i.e. is an open bottom tetraquark. The evidence for X(5568) was first reported by the D0 Collaboration in Ref. [13] . Later it was observed again by D0 in the B 0 s meson's semileptonic decays [14] . But other experimental groups, namely the LHCb and CMS collaborations could not find this resonance from analysis of their experimental data [15, 16] , which make the experimental situation around X(5568) unclear and controversial. Numerous theoretical works devoted to investigation of X(5568) resonance's structure and calculation of its parameters led also to contradictory conclusions. The results of these studies are in a reasonable agreement with measurements carried out by the D0 Collaboration, while in other works an existence of the X(5568) state is an object of discussions [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . The detailed analysis of problems related to the status of the X(5568) resonance can be found in original papers (see for instance, Ref. [6] and references therein).
The tetraquarks which might carry double electric charge constitute another interesting class of exotic hadrons [34] . These hypothetical particles if observed can be interpreted as diquark-antidiquark states: Formation of molecular states from two mesons of same charge is almost impossible due to repulsive forces between them. The doubly charged particles may exist, for example, as double charmed tetraquarks [cc] [ds] or [cc] [ss]. In other words, they may contain two or three quark flavors. The phenomenology of these states, their decay modes and production mechanisms were investigated in Ref. [34] . In the context of the lattice QCD the mass spectra of these particles were evaluated in the paper [35] . As it was revealing recently the tetraquarks containing quarks of four different flavors may also carry double electric charge [36] . In fact, it is not difficult to see that tetraquarks Z cs = [sd] [uc] In the present work we are going to concentrate on features of doubly charged charm-strange tetraquarks Z cs with spin-parity J P = 0 + , 0 − and 1 + , and calculate their masses, current couplings and decay widths. To this end, we use QCD two-point sum rule approach by including into analysis quark, gluon and mixed vacuum condensates up to eight dimensions, and evaluate their spectroscopic parameters. Obtained results are employed to reveal kinematically allowed decay channels of the tetraquarks Z cs . They also enter as input parameters to expressions of the corresponding decay widths. We calculate the width of decay channels Z cs → D s π, DK, and D s1 (2460)π (for
. For these purposes, we analyze vertices of the tetraquarks Z cs with the conventional mesons, and evaluate the corresponding strong couplings using QCD sum rules on the light-cone. The QCD light-cone sum rule method is one of the powerful nonperturbative tools to explore parameters of the conventional hadrons [40] . In the case of vertices built of a tetraquark and two conventional mesons the standard methods of the light-cone sum rules should be supplemented by a technique of an approach known as the "soft-meson" approximation [41, 42] . For investigation of the exotic states the light-cone sum rules method was adapted in Ref. [43] , and successfully applied for analysis of various tetraquarks' decays [44] [45] [46] [47] .
This article is organized in the following manner. In Sec. II we calculate the masses and current couplings of the doubly charged scalar, pseudoscalar and axial-vector charm-strange tetraquarks Z cs = [sd] [uc] by treating them as diquark-antidiquark systems. In Sec. III we consider the decays of the doubly charged scalar tetraquark to D s π, DK and D s1 (2460)π final states. The Section IV is devoted to decay channels of the pseudoscalar and axial-vector tetraquarks. In this section we calculate the mass and current coupling of the Z cs = [sd][uc] tetraquarks with the quantum numbers J P = 0 + , 0 − and 1 + by treating them as diquak-antidiquark systems. In order to simplify the expressions we introduce the notations: in what follows the scalar tetraquark Z cs will be denoted as Z S , whereas for the pseudoscalar and axial-vector ones we will utilize Z P S and Z AV , respectively.
The scalar tetraquarks within the context of two-point sum rule approach can be explored using interpolating currents of Cγ 5 ⊗ γ 5 C or Cγ µ ⊗ γ µ C types, where C is the charge conjugation operator. In the present work we restrict ourselves by the simplest case and employ the current
To study the pseudoscalar and axial-vector tetraquarks Z P S and Z AV we utilize Cγ µ ⊗ γ 5 C type interpolating current
Then the correlation functions Π(p) and Π µν (p) necessary for the sum rule computations take the forms
and
The current J µ couples to both the pseudoscalar 0 − and axial-vector 1 + states, therefore the function Π µν (p) can be used to calculate parameters of the Z P S and Z AV tetraquarks.
We start our analysis from calculations of the scalar state's spectroscopic parameters. In accordance with QCD sum rule method the correlator given by Eq. (3) should be expressed in terms of physical parameters of the Z S state. In the case under analysis Π(p) takes simple form and is defined by the equality
where m ZS is the mass of the Z S state, and dots stand for contributions of the higher resonances and continuum states. In order to simplify Π Phys (p) we introduce the matrix element
where m ZS and f ZS are the mass and current coupling of Z S (p). Then, for the correlation function we obtain
The Borel transformation applied to Π Phys (p) yields
where M 2 is the Borel parameter. The same correlation function Π(p) calculated in terms of the quark-gluon degrees of freedom reads
Here we use the short-hand notation
with S q (x) and S c (x) being the q = u, d and c-quark propagators, respectively. The QCD sum rules to evaluate m ZS and f ZS can be obtained by choosing the same Lorentz structures in both of Π Phys (p) and Π QCD (p), and equating the relevant invariant amplitudes. In the case under investigation the only Lorentz structure which exists in Π(p) is one ∼ I. For calculation of the mass and coupling it is convenient to employ the two-point spectral density ρ QCD 0 (s). In terms of ρ QCD 0 (s) the invariant amplitude Π QCD (p 2 ) can be written down as the dispersion integral
By applying the Borel transformation to Π QCD (p 2 ) , equating the obtained expression with BΠ Phys (p 2 ), and subtracting the contribution due to higher excited and continuum states we find the final sum rules. For the mass of the Z S state it is given by the formula
whereas for the current coupling f ZS we get
(s). (13) In Eqs. (12) and (13) s 0 is the continuum threshold parameter which separates contributions stemming from the ground-state and ones due to higher resonances and continuum states. The M 2 and s 0 are two important auxiliary parameters of sum rule computations choices of which should meet some requirements which will be shortly explained below.
In the case of the current J µ the correlation function Π Phys µν (p) derived using the physical parameters of tetraquarks contains two terms. In fact, the current J µ couples to the pseudoscalar and axial-vector tetraquarks, therefore after inserting into Eq. (4) full set of states and integrating over x we get expression containing contributions of the ground state pseudoscalar and axial-vector particles, i. e.
with m ZP S and m ZAV being the mass of the pseudoscalar and axial-vector states, respectively. Here again by dots we denote contributions coming from higher excitations and continuum states in both the pseudoscalar and vector channels. In general one may consider only one of these terms, and compute parameters of the chosen particle with J P = 0 − or 1 + . In the present work we are interested in both of these particles, therefore keep explicitly two terms in Π Phys µν (p), and use different structures to derive two sets of sum rules.
Further simplification of Π Phys µν (p) can be achieved by expressing the relevant matrix elements in terms of the masses m ZP S , m ZAV and current couplings
Then it is easy to show that
In order to obtain the function Π QCD µν (p) we substitute the interpolating current J µ from Eq. (2) into Eq. (4), and contract the quark fields. As a result, for Π QCD µν (p) we get:
The correlation function Π QCD µν (p) has the following Lorentz structures
where Π QCD AV (p 2 ) and Π QCD P S (p 2 ) are invariant amplitudes corresponding to the axial-vector and pseudoscalar tetraquarks, respectively. Equating the structures ∼ g µν in Eqs. (15) and (17), and performing the Borel transformation it is possible we derive the sum rules for parameters of the axial-vector tetraquark: They are given by Eqs. (12) and (13) (s), whereas the coupling f ZP S is determined by the following expression (18) In the present work we calculate the two-point spectral densities ρ The sum rules (12), (13) and (18) depend on the masses of c and s-quarks, and vacuum expectations of quark, gluon and mixed operators, which are presented below:
For condensates we use their standard values, whereas the masses of the quarks are borrowed from Ref. [48] . In the chiral limit adopted in the present work m u = m d = 0. The sum rules contain also, as it has been just noted above, the auxiliary parameters M 2 and s 0 . It is clear, that physical quantities evaluated from the sum rules should not depend on the Borel parameter and continuum threshold, but in real calculations one can only reduce their effect to a minimum. In fixing of working regions for M 2 and s 0 some conditions should be obeyed. Thus, we fix the upper bound M 
where
is the Borel transform of the invariant amplitude after the continuum subtraction. Minimal limit for PC chosen as ∼ 0.1 is smaller than in the case of the conventional mesons, but is typical for multiquark systems. The lower limit of the same region M 2 min is deduced from convergence of the operator product expansion. By quantifying this condition we require that contribution of the last term in OPE should not exceed 5%, i. e.
has to be obeyed. Another condition for the lower limit is exceeding of the perturbative contribution the nonperturbative one. In the present work we apply the following criterion: at the lower bound of M 2 the perturbative contribution has to constitute ≥ 60% part of the full result.
Analysis of the sum rules for the Z S state enable us to fix the Borel and continuum threshold parameters within the limits:
In these regions the pole contribution defined by Eq. (20) is PC > 0.14. At the same time, contribution coming from the pole term at M 2 min constitutes ∼ 65%, and at M 2 max approximately 60% of the sum rule (12) used to evaluate the mass of Z S state. The convergence of OPE expansion in these regions is also satisfied. Thus, contribution of the Dim8 term in OPE does not exceed 3% . All these features are seen in Figs. 1, 2 The analogous studies can be carried out for the pseudoscalar and axial-vector tetraquarks. From performed analysis we conclude that regions
can be used to evaluate the spectroscopic parameters of the pseudoscalar and axial-vector tetraquarks, as well. The similar results are also valid for the pseudoscalar tetraquark Z P S .
In Figs. 9 and 10 we plot dependence of the axial-vector tetraquark's mass and current coupling on M 2 and s 0 . As is seen, estimations made for theoretical errors in the case of Z S are valid for the Z AV state, as well.
Our results for the masses and current couplings of J P = 0 + , 0 − and J P = 1 + charm-strange tetraquarks are collected in Table I . The working ranges for the parameters M 2 and s 0 , and errors of the calculations are also presented in Table I .
III. DECAY CHANNELS OF THE SCALAR TETRAQUARK ZS
In this section we calculate the width of processes cally allowed decay channels of the scalar tetraquark. It is evident that in all these channels the final mesons are particles with negative charges. For simplicity of expressions throughout this paper we do not show explicitly charges of the final mesons. Let us note that first two processes are S-wave decay modes, whereas the last one is P -wave decay. In order to evaluate the width of these decays we have to calculate the strong couplings corresponding to the vertices Z S D s π, Z S DK and Z S D s1 (2460)π. This task can be fulfilled by analysis of corresponding correlation functions and calculating them using light-cone sum rule method. To calculate the strong coupling g ZSDsπ and width of the decay Z S → D s π we consider the correlator
is the interpolating current of the pseudoscalar meson D s . The correlation function Π(p, q) in terms of the physical parameters of the involved particles is equal to
By introducing the matrix elements we can rewrite Π Phys (p, q) in the form the meson D s , respectively. In terms of the quark-gluon degrees of freedom Π(p, q) is given by the expression
where α and β are the spinor indices. To continue we employ the expansion
with Γ j being the full set of Dirac matrices
The operators
, as well as three-particle operators that appear due to insertion of G µν from propagators S s (x) and
give rise to local matrix elements of the pion. In other words, instead of the distribution amplitudes the function Π QCD (p, q) depends on the pion's local matrix elements. Then, the conservation of four-momentum in the tetraquark-mesonmeson vertex can be obeyed by setting q = 0. In the limit q → 0 we get p = p ′ and have to carry out Borel transformations over one variable p 2 . This condition has to be implemented in the physical side of the sum rule, as well [43, 46] .
After substituting Eq. (29) into the expression of the correlation function and performing the summation over color indices in accordance with recipes presented in a detailed form in Ref. [43] , we fix local matrix elements that enter to Π QCD (p, q). It turns out that only the matrix element of the pion
where µ π = −2/f 2 π contributes to the correlation function. Other matrix elements including three-particle ones either do not contribute to a final expression of Π QCD (p, q) or vanish in the soft limit q → 0.
In the soft limit the 
The Borel transformed Π n.−pert. (M 2 ) contains terms up to nine dimensions and reads
Then in the soft limit the Borel transformation of Π QCD (p 2 ) takes the form
In the same limit the Borel transformation of Π Phys (p 2 ) is given by the expression ) one has to subtract contributions of higher resonances and continuum states. In the case of standard sum rules (i.e. q = 0) this can be carried out quite easily, because Borel transformation suppress all undesired terms in the physical side of the equality. But in the soft limit BΠ Phys (p 2 ) contains terms which are not suppressed even after Borel transformation [41] , therefore additional manipulations are required to remove them from the phenomenological side of the sum rule. Acting by the operator
one can achieve this goal [42] . Then subtraction can be performed in a standard manner and leads to the sum rule
It is worth noting that we do not perform continuum subtractionin in nonperturbative terms ∼ (M 2 ) 0 and ∼ (M 2 ) −n , n = 1, 2 . . . [41] .
With the coupling g ZS Dsπ at hands it is straightforward to evaluate the width of the decay
where the function f (x, y, z) is f (x, y, z) = 1 2x
(39) Another decay channel of the doubly charged charmstrange tetraquark is Z S → DK. Correlation function that should be considered in this case is given by the expression
where the interpolating current for D meson is
The analysis of the channel Z S → DK does not differ considerably from consideration of Z S → D s π decay. Because particles in final states D s π and DK are pseudoscalar mesons, differences between two decay channels are encoded in the matrix element
and local matrix element of K meson
that contributes to Π QCD K (p, q), where m K and f K are the mass and decay constant of K meson. The strong coupling g ZS DK with evident replacements is defined by Eq. (27) .
In the P -wave decay Z S → D s1 (2460)π the interpolating current, matrix element and strong coupling of the axial-vector meson D s1 (2460) are introduced by means of the formulas
with m Ds1 , f Ds1 and ε µ being its mass , decay constant and polarization vector, respectively. The remaining operations and intermediate steps in both cases are standard ones, therefore we refrain from presenting them here in a detailed form, and write down only formula for the decay width Γ(Z S → D s1 (2460)π) :
Numerical calculations are carried out using the sum rules derived for strong couplings and expressions for widths of different decay modes of Z S . The masses and decay constants of D s , D and D s1 (2460), as well as π and K mesons which we employ in numerical computations are collected in Table II . The masses of particles are taken from Ref. [48] , for decay constants of D and D s mesons we use information from Ref. [49] , decay constant of D s1 (2460) is borrowed from [50] . Table II contains The Borel parameter M 2 and continuum threshold s 0 in coupling calculations are chosen as in Eq. (22) . For the strong couplings of the explored vertices and width of the decay modes we obtain: for the channel Z S → D s π g ZS Dsπ = (0.51 ± 0.14) GeV
for the mode Z S → DK
and for
The full width of the scalar tetraquark Z S on the basis of considered decay modes is equal to Γ ZS = (66.89 ± 15.11) MeV, which is typical for a diquark-antidiquark state: The tetraquark Z S belongs neither to a class of broad resonances Γ ∼ 200 MeV nor to a class of very narrow states Γ ∼ 1 MeV. The charmed particle composed of four different quarks as a partner of the X(5568) resonance was previously investigated in our work [38] . We analyzed this state using the interpolating currents of both Cγ 5 ⊗ γ 5 C and Cγ µ ⊗ γ µ C types. The diquark-antidiquark composition of X c = [su][cd] means that it is a neutral particle. Nevertheless, it is instructive to compare parameters of X c with results for Z S obtained in the present work. In the case of the interpolating current Cγ 5 ⊗ γ 5 C we found m Xc = (2634±62) MeV which is very close to our present result. The processes
were also subject of studies in Ref. [38] . Width of these decay channels Γ(X c → D 0 K 0 ) = (53.7 ± 11.6) MeV and
MeV are comparable with ones presented in Eqs. (44) and (45) . IV.
π DECAYS OF THE PSEUDOSCALAR AND AXIAL-VECTOR TETRAQUARKS
The pseudoscalar Z P S and axial-vector Z AV tetraquarks may decay through different channels. Among kinematically allowed decay channels of Z P S state are S−wave mode Z P S → D s0 (2317)π, and P −wave modes Z P S → D * s π and D * K. The decays of the tetraquark Z AV include S−wave channels Z AV → D * s π, D * K and P −wave mode
It is seen that both Z P S and Z AV states decay to D * s π and D * K, therefore these channels should be analyzed in a connected form. We start our investigation from analysis of the decays Z AV → D * s π and Z P S → D * s π, and construct the following correlation function
The function Π µν (p, q) will be computed employing QCD sum rule on the light-cone and using a technique of the soft-meson approximation. Because the current J ν (x) couples to both the pseudoscalar and axial-vector tetraquarks the correlator Π Phys µν (p, q) expressed in terms of the physical parameters of the involved particles and vertices contains two components: Indeed, for Π Phys µν (p, q) we find:
The terms in Eq. (49) 
and ε µ are its mass, decay constant and polarization vector, respectively. We define also the matrix elements corresponding to the vertices in the following manner
After some manipulations the ground state terms in Π Phys µν (p, q) can be easily rewritten as:
One sees that Π Phys µν (p, q) contains two structures ∼ g µν and ∼ p µ p ′ ν . The same structures appear in the second part of the sum rule which is the correlation function Eq. (47) calculated in terms of quark propagators. For Π QCD µν (p, q) we get
We use invariant amplitudes corresponding to structures ∼ g µν from Π
Phys µν (p, q) and Π QCD µν (p, q) to derive sum rule for the coupling g ZAV D * s π . To this end, we equate these invariant amplitudes and carry out calculations in accordance with scheme described in rather detailed form in the previous section. Obtained by this way sum rule is employed to evaluate the strong coupling g ZAV D * s π . It is utilized as an input parameter at the second stage of analysis, when we employ invariant amplitudes corresponding to structures ∼ p µ p ′ ν to derive sum rule for g ZP S D * s π . The decays Z AV → D * K and Z P S → D * K can be investigated in the same way, but one has to start from the correlator
with
The remaining analysis does not differ from calculations of the decays Z AV → D * s π and Z P S → D * s π, and therefore we do not provide further details.
There are also two processes Z P S → D * s0 (2317)π and Z AV → D s1 (2460)π which are not connected with each other, and can be studied separately. Let us consider, for example, decay Z P S → D * s0 (2317)π that can be explored by means of the correlator
where the interpolating current J
The correlation function Π ν (p, q) has the following phenomenological representation
Using of the matrix element
and also the vertex
it can be rewritten as whereas in the invariant amplitude, i. e. in the function ∼ p 
After calculations one finds that in Π QCD ν (p, q) survives only the structure ∼ p ′ ν . By equating invariant amplitudes from both sides and performing all manipulations it is possible to derive the sum rule for the coupling g ZP S D * s0 π . The similar analysis has been carried out for the decay Z AV → D s1 (2460)π, as well.
In numerical calculations of the Z P S and Z AV states' strong couplings the Borel parameter and continuum threshold are chosen within the same ranges as in computations of their masses (see, Results for strong couplings and width of decay modes of Z P S and Z AV tetraquarks are presented in Table III . Using these predictions one can evaluate full widths of the pseudoscalar and axial-vector tetraquarks Z P S and Z AV :
and Γ ZAV = (47.3 ± 11.1) MeV.
As is seen, the tetraquarks Z P S and Z AV are narrower than the scalar state Z S . Nevertheless, we cannot classify them as narrow resonances.
V. CONCLUSIONS
In the present work we have investigated the charmstrange tetraquarks Z cs = [sd][uc] by calculating their spectroscopic parameters and decay channels. It is easy to see that these states bear two units of electric charge −|e| and belong to a class of doubly charged tetraquarks. Their counterparts with the structure Z cs = [uc] [sd] have evidently a charge +2|e|. We have considered scalar, pseudoscalar and axial-vector doubly charged states. Their masses have been obtained using QCD two-point sum rule method. Our results have allowed us to fix possible decay channels of these states and found their widths. Investigations confirm that the doubly charged diquark-antidiquarks are neither broad states nor very narrow resonances.
Observation of doubly charged tetraquarks may open new stage in exploration of multiquark systems. In fact, resonances that are interpreted as hidden charm (bottom) tetraquarks may be also considered as excited states of charmonia (bottomonia) or their superpositions. The charged resonances can not be explained by this way, and are serious candidates to genuine tetraquarks. They may have diquark-antidiquark structure or be bound states of conventional mesons. In the last case, charged and neutral conventional mesons create shallow molecular states with large decay width. Therefore, it is reasonable to assume that doubly charged tetraquarks presumably exist only as diquark-antidiquarks, because binding of two mesons with the same electric charge to form a molecular state due to repulsive forces between them seems problematic.
The doubly charged tetraquarks deserve further detailed investigations. These studies should embrace also Z bc -type states that constitute a subclass of open charmbottom states. Experimental exploration and discovery of Z cs and/or Z bc tetraquarks may have far-reaching consequences for hadron spectroscopy.
